This paper presents and validates two approaches for active interaction force control and planning for omnidirectional aerial manipulation platforms, with the goal of aerial contact inspection in unstructured environments. We extend upon an axis-selective impedance controller to present a variable axisselective impedance control which integrates direct force control for intentional interaction, using feedback from an on-board force sensor. The control approaches aim to reject disturbances in free flight, while handling unintentional interaction, and actively controlling desired interaction forces. A fully actuated and omnidirectional tilt-rotor aerial system is used to show capabilities of the control and planning methods. Experiments demonstrate disturbance rejection, push-and-slide interaction, and force controlled interaction in different flight orientations. The system is validated as a tool for non-destructive testing of concrete infrastructure, and statistical results of interaction control performance are presented and discussed.
I. INTRODUCTION
T HE DEMAND for industrial contact inspection with aerial robots has been growing rapidly in recent years, coinciding with the development of fully actuated micro aerial vehicles (MAVs) for aerial interaction [1] - [5] . A compelling and urgent case exists with aging concrete infrastructure, where a rising amount of required inspection is faced with a lack in capacity to meet the need by traditional means [6] . Early inspection promises a more efficient and intelligent approach to long term maintenance, and a great cost savings when combined with automation. Technologies for nondestructive testing (NDT), such as potential mapping, permit detection of corrosion far earlier than visual assessment [7] , but require sustained contact between the sensor and structure. While MAVs have been embraced as a solution for efficient visual inspection of infrastructure [8] , contact-based inspection still requires extensive human labor and the use of large supporting inspection equipment. Extending the capabilities of MAVs to perform contact inspection is the next obvious step, but also a difficult one: We now require a floating base to carry a sensor payload and to exert precise forces on the environment in any direction, while at the same time rejecting other sources of disturbance.
With new developments in inspection sensor technology, several small and light-weight devices have emerged which make MAV-based inspection a feasible reality [9] , [10] . The task remains to tackle combined interaction force control with disturbance rejection on an autonomous MAV. Recent research in omnidirectional micro aerial vehicles (OMAVs)fully actuated MAVs capable of exerting an arbitrary force and torque-begins to reach this goal. The ability to exert a six degrees of freedom (DOF) force and torque allows for decoupling of the system's translational and rotational dynamics, enabling precise interaction with the environment while maintaining stability. However, making this solution a viable alternative to traditional inspection requires an OMAV with on-board sensing, high force generation in all directions, and accurate and reliable interaction control in six DOF.
Tilt-rotor OMAVs offer omnidirectional flight and high interaction force capabilities [11] , but the additional complexity of such a system can increase model uncertainty. In addition, flying systems in general are subject to airflow disturbances (from external sources or propeller down wash), which are difficult to perceive or predict. Accurate control of interaction forces requires separating such disturbances and model error from interaction forces. With recent technological improvements, force sensors have reduced in size and improved in capability, enabling direct sensing of interaction forces on a MAV subject to various other disturbances and uncertainties.
A. Related Literature
Interaction control techniques have been actively explored since the 1970's for fixed-base manipulators, but have not been possible for aerial robots until the past decade. Aerial interaction with traditional rotor-aligned MAVs has been achieved to varying degrees [12] , despite known limitations due to underactuation [5] .
OMAVs are now entering the aerial robotics curriculum [13] , with the ability to control force and torque in six DOFs without compromising system stability. Platform morphologies can be force-omnidirectional only [5] , [14] , or capable of full pose omnidirectionality [4] , [11] . They can be fully actuated by non-parallel fixedly tilted rotors [4] , [5] , or with actively tilting rotor groups [1] , [15] . Handling of disturbances requires their observation, and has been successfully achieved on flying systems using momentum-based approaches [16] , [17] . Several OMAVs have further performed contact inspection tasks of industrial structures [2] , [3] , but without direct (closed-loop) force control.
Methods for direct force control of fixed-base manipulators are well established [18] , [19] , typically switching controller modes when contact is detected. Switching controllers, however, are particularly unsuitable for flying systems due to the increased difficulty of contact estimation for a floating base in the presence of external disturbances. Recent improvements for force-controlled manipulators such as intelligent collision detection [20] and handling of contact loss during force control [21] are increasing commercial adoption. We can look to stateof-the art manipulator control techniques as inspiration for the control of newly capable fully actuated flying systems, keeping in mind the fundamental differences of a floating base system. Spatio-temporal trajectory planning is needed to execute high-level contact inspection tasks and drive the MAV to the surface, in contact and away again. For flight in free space, polynomial trajectories are widely used for underactuated MAVs [22] . Surface-based planning for inspection and interaction has been demonstrated by extracting and connecting viewpoints based on triangulated meshes such that there is one potential view-point per mesh face [23] , [24] .
B. Contributions and Extensions of Previous Work
In this paper we present the system design of a fully actuated aerial manipulation platform capable of on-board computation, power, and sensing. Two methods for active interaction force control without contact switching are proposed for an OMAV, as well as a planning approach. We elaborate on the contributions shown in our paper presented at RSS 2019 [25]:
• The system design of a novel tilt-rotor OMAV with a rigid manipulator arm. • A 6 DOF axis-selective impedance control (ASIC) for a fully-actuated flying system. • Experiments showing reliable interaction control, and validation of the system as a tool for contact-based NDT of concrete infrastructure. We further present the following new contributions:
• Intentional interaction control in the form of direct force control combined with variable ASIC for any omnidirectional aerial system. • Statistical evaluation and comparison of results.
II. SYSTEM
This chapter describes the OMAV system and hardware, using frame definitions presented in 
A. System Description
The OMAV used in this work takes the form of a traditional hexarotor with equally spaced arms about the z B -axis. Each propeller group is independently tilted by a dedicated servomotor, allowing for various rotor thrust combinations. This tilt action permits high force and torque generation in any direction (allowing omnidirectional hover), while maintaining efficient flight in horizontal hover.
Double rotor groups provide additional thrust for a compact size, with counter-rotating propellers to reduce gyroscopic effects. Symmetrically arranged about the tilt axis, motors also balance rotational inertia and reduce the effort required by the tilt motors.
The platform structure is built from custom carbon fiber, aluminium, and 3D printed plastic parts. Dynamixel XL430 servomotors are used for the tilt arms, and rotors are KDE 885Kv BLDC motors with 9x4.7in propellers. Processing occurs on an on-board Intel NUC i7 computer, and a Pixhawk low level flight controller. Two 6S 3800 mAh Lithium-polymer batteries are mounted for on-board power. The total system mass varies between sensor configurations from 4.75 to 5 kg. For direct force control tests, the system is equipped with a Rokubi 6-axis force/torque sensor 2 on the end effector, aligned with the tool frame F T . The small size and mass (120g) of the sensor allow integration near the tool tip, which reduces the effect of inertial and aerodynamic disturbances on the sensor measurements. With integrated EtherCAT electronics, no additional processing hardware is required.
B. Parameter Identification 1) Vehicle center of mass: The center of mass is subject to change depending on the platform configuration that is used for a specific application. Since it is mostly unfeasible to estimate the center of mass (COM) based on the system architecture directly (e.g. a CAD model), we use a calibration procedure to estimate the COM in a calibration flight. During this procedure, the platform performs a trajectory consisting of pitching and rolling while hovering in a constant position. Assuming small angular accelerations, the commanded attitude of the platform in combination with the commanded torque can then be used to compute the position of the COM B p com w.r.t. the geometric center.
We record this trajectory over a duration of 30 s and use linear least squares based batch optimization to find B p com .
2) Camera and Tool Frame Calibration: As the TOF camera outputs intensity images on which calibration targets are detectable, we use the kalibr toolbox 3 to obtain the transformation from camera optical frame F C to the bodyfixed frame F B .
As the tool frame F T changes depending on the mounted tool, its exact location w.r.t. to the body-fixed frame F B also needs to be calibrated. If available, an external motion capture system can be used for this. In other cases, we perform a hand-held calibration maneuver where the end-effector is held in steady contact to a flat surface (e.g. floor) and the body is rotated in all three axes about the point of contact. Simultaneously, the current distance and surface normal in camera frame F C is calculated from the point cloud of the TOF camera and linear least squares batch optimization is used to obtain the contact point.
III. CONTROL FRAMEWORK
In this section we describe a system model used for control, and introduce two approaches for active interaction control, with the goal of tracking a desired position while simultaneously generating force for interaction. The first approach is a 6 DOF ASIC as a form of indirect force control, as originally described in [25] . The second approach combines direct force and variable ASIC which we will refer to as intentional interaction control.
A. Definitions and notation
In the present work, we consider a general rigid-body model for a tilt-rotor aerial vehicle. Refer to table III for definitions of common symbols used throughout the paper. We continue to use the frames presented in table I.
Symbol
Definition
gravity acceleration vector, g = −9.81 m s −2 
B. Assumptions
To simplify the system model, we assume that the body is rigid, and that body axes correspond with the principal axes of inertia. Thrust and drag torques are assumed proportional to squared rotor speeds, which are instantly achievable without transients. We further assume that tilt motor dynamics are negligible compared to the whole system dynamics, and tilt mechanism backlash and alignment errors are small. Airflow interference between propeller groups is assumed not to effect a significant net wrench on the system.
C. System Model
The simplified system dynamics are derived in the Lagrangian form as
where M ∈ R 6×6 is the symmetric positive definite inertia matrix and C ∈ R 6×6 contains the centrifugal and Coriolis terms. The terms τ act and τ ext ∈ R 6×1 are both stacked force and torque vectors exerted on the system respectively by rotor actuation and external sources (e.g. contact or wind disturbances). Tracking error terms are defined in F B in eq. (2). The trajectory is transformed from the inertial frame to compute the error, and we stack the resulting pose and generalized velocity errors. 
D. External Wrench Estimation
In order to account for the influence of contact forces, we employ an external wrench estimator using a generalized momentum approach. Our implementation follows the method described in [26] , and is expressed aŝ
where we assume that the commanded τ cmd is able to achieve the desired actuation wrench τ act . The positive definite diagonal observer matrix K I ∈ R 6×6 acts as an estimator gain. Differentiating (4), a first-order low-pass filtered estimateˆ τ ext of the external wrench τ ext is obtained:
Note that (4) allows estimation of external forces and torques without the use of acceleration measurements, only requiring linear and angular velocity estimates.
E. Control Approach 1: Axis-Selective Impedance Control
The first approach aims to control the mechanical impedance of the system, with the environment treated as an admittance [27] . This controller indirectly regulates a wrench exerted by the system on its environment for safe and stable interaction. The same controller can account for interaction and free flight without switching, by tracking a trajectory into a state of collision. We can take advantage of the system's full actuation to implement an impedance controller with apparent inertia that can be individually selected on each axis in 6 DOF, to reject disturbances in some directions while exhibiting compliant behavior in others.
Our implementation is based on the method described in [28] , a block diagram of the framework is shown in fig. 2 . We take the simplified dynamics of the system from (1) and choose the desired closed loop dynamics of the system to be
where M v , D v , and K v ∈ R 6×6 are positive definite matrices representing the desired apparent inertia, desired damping, and desired stiffness of the system. We can then derive the applied control wrench by substituting˙ v from (6) into (1) as follows:
Since the stiffness and damping properties of interaction depend highly on the apparent inertia, we first normalize these matrices with respect to the true system inertia as
then express stiffness and damping as
In addition, the selective impedance can be rotated into a desired frame, in this case the fixed end-effector frame, using R = blockdiag{R BT , R BT }, where R BT is a rotation matrix expressing the orientation of the tool frame in the body-fixed frame. We then rewrite (7) as
Integration of a rigidly attached end-effector to the system simplifies the problem of selective stiffness in impedance control. The apparent mass is set to a low value along the z Taxis, less than the system mass to exhibit compliant behavior. Orienting the z T -axis normal to the desired contact surface is then sufficient to ensure compliance in the contact direction and stiff behavior in the orthogonal plane, and a stiff response to error in orientation.
F. Control Approach 2: Intentional Interaction Control
By the same mechanism that the wrench estimation reduces model error and rejects aerodynamic disturbances, it suffers as a measurement for interaction control. The momentum-based external wrench contains an accumulation of force and torque unrelated to the point of interaction, and in many cases cannot be used for direct force tracking. The concept presented here takes advantage of a multi-axis force sensor mounted at the tool tip to resolve differences in interaction forces and other aerial disturbances.
This control approach which we'll refer to as intentional interaction control embodies the higher level idea of purposeful interaction, and should be used with a planner that is aware of its environment and the interaction task. Force control is only attempted when it is explicitly communicated by the planner, and tracking of the pose trajectory for all axes is performed at all times. At points of interaction, the desired tool trajectory traces the surface exactly, and an additional vector provides a desired force command. When free flight is intended, this interaction force component is zero.
Intentional Interaction Control
Actuator Allocation 1) Variable Axis-Selective Impedance Control: One weakness of the first control approach is that when a low apparent mass is set along the axis of the end effector, this axis is also compliant to airflow disturbances and model error. We address this case by using the distance measurement d t of a surface from the tool frame along z T , as described in section IV-A. In free flight, when surfaces are far away, the virtual mass m v,free along the end effector axis is as high as all other axes to reject disturbances. Within a range from d max to d min from the surface, that value ramps down to m v,wall according to a sine function to exhibit compliance ( fig. 4 ). The resulting apparent mass is calculated as follows:
Note that the apparent inertia J v is equal in all axes in order to reject torque disturbances and to track the desired attitude while in contact.
2) Direct force control: We aim to apply direct force control in order to exert a specific force onto a surface. The reference force is given by a trajectory F ref (t) that is defined according to the task. A force trajectory is only acted upon when there is confidence that the reference force can exist at a location near enough to the target. This confidence is a function of the perceived surface distance d t and the tool position error e t in the direction of desired force (eq. (12)), as calculated in eq. (15). The value is smoothly transitioned with a first-order filter with coefficient c λ to avoid step inputs at the start or end of a non-zero desired force. We arrive at the computation of the confidence factor λ k which represents λ at time step k.
The behavior of the combined force and impedance control is shown in fig. 5 . In the nominal case, the planner commands a path in free flight which the controller is able to achieve, and a desired force is commanded only when the sensed distance d t and projected tool error e t,Fref are small. In the case where the set point is behind the wall, the controller uses compliant impedance control in the direction of the end effector to perform its task as well as possible. When a force is then commanded, λ is 1 and force control is fully active. When the set point is in front of the wall between d min and d max , there is a transition phase where λ is between 1 and 0, a compromise between trying to achieve force control and maintain trajectory tracking. In the case where the wall is not sensed within d max , λ is 0 and no force control is attempted. 3) Unified wrench command: The selection matrix, Λ, orients the confidence factor λ from eq. (15) in the direction of desired force F ref using the rotation R Frefz , and is constructed as follows:
We augment this matrix to 6 DOF with zeros since we have a point end effector, but this could be extended for intentional interaction torques. The matrix positively selects direct force control commands. We use a proportional-integral (PI) control scheme with a feed forward force term to track the given reference force based on the force tracking error e f and the reference force F ref, B . We assume that the interaction force F t at the end effector can be measured by an on-board sensor.
Using M v from eq. (10) and normalizing by the system mass as before, we compute the impedance control command
where the selection matrix counterpart (I 6 − Λ) is used to remove the component of the momentum-based wrench estimate in the direction of desired interaction.
The two control commands are then combined and compensated for nonlinear dynamic effects and gravity. Since the system COM is not located at the geometric center of control, we use a feed forward term to compensate for the torque caused by the offset. The final resulting wrench command is shown in eq. (24), and shown as a block diagram in fig. 6 .
τ com = 0 3,1
G. Force Sensor Filtering
Any additional mass on the end of the force sensor will lead to inertial forces and torques from dynamic movement. This can be modeled with known pose of the end effector and static and dynamic parameter identification, but in our case is ignored due to very low mass. We still expect to see noise from vibration, which can be addressed with a filter.
We use a 2nd-order low pass butterworth filter with a cutoff frequency of 5 Hz. This filter yields smooth force measurements with reasonable latency for surface inspection tasks.
IV. DISTANCE ESTIMATION AND PLANNING FOR INTERACTION

A. Surface Distance Estimation
For surface distance estimation the predicted contact point is defined as the intersection of an observed surface and the z t -axis (C 0 t in fig. 7 ). In order to estimate the distance to this point, a point cloud is obtained from the TOF camera and all points within a certain distance to the z t -axis are selected. This subset of 3D points is subsequently called A 0 t . The 3D contact point location is obtained by an unweighted average of all points in A 0 t . For the experiments in this work the radius of A 0 t is chosen to be 0.1 m, which yields approximately 2600 points for distance and normal estimation when in contact and about 500 at a distance of d t = 1 m. By averaging this large amount of individual measurements per estimate, we obtain a smooth, exact and very low noise distance measurement.
B. Force Trajectory Planning
Interacting with a surface requires knowledge about the location and orientation of the surface. We use the TOF camera to obtain a point cloud of the surface to interact with, which is then converted to a triangular mesh with face and vertex normals by using Poisson surface reconstruction [29] .
A polynomial trajectory consisting of the desired setpoints for position, orientation, linear-and angular velocity and acceleration as well as desired tool force is then planned. The trajectory drives the tool to the contact point on the surface and aligns the z T axis with the surface normal obtained from the mesh reconstruction. The contact force trajectory is planned by holding the position and orientation at the desired contact location while ramping up the force along z T to the desired magnitude using a sinusoidal ramp.
V. EXPERIMENTS
Through a series of experiments we demonstrate the capabilities and applications of the system. force control contacting an undulating structure. State estimation for the experiments in this paper is carried out by fusing on-board inertial measurement unit (IMU) data with external motion capture information from a VICON system. Experiments with fully on-board state estimation are documented in our previous paper [25] . A video showcasing the experiments can be accessed at youtu.be/7Nvlki1xo-c.
A. Rope Pull Disturbance in Free Flight
In this section, we first present an experiment consisting of three tests that validate the effectiveness of ASIC. In a second experiment we show the advantage of variable ASIC.
1) Axis-Selective Impedance Control: In this experiment, we evaluate the behaviour of the system with different selective apparent inertia values, demonstrating the ability to reject large disturbances in certain directions. The system is commanded to hold a reference pose 1 m above the ground in free flight. A cord is tied to the tool tip of the rigid manipulator arm, which is aligned with the and m * z are the relative apparent masses along the body axes, and J * v is the relative virtual inertia on all axes. Test results are shown in fig. 8 , where two pulls of the rope are made for each set of apparent inertia parameters, approximately along the negative x B -axis. Tests 1 and 2 show similar results: a compliant response to a disturbance force in the direction of pull. Apparent mass values in x B and y B are lower than the actual system mass, meaning that force disturbances in these directions will be tracked in the controller, while the proportional-derivative (PD) component simultaneously tracks the reference trajectory. Results in test 2 show a larger movement in response to a smaller applied force in low impedance directions, relative to test 1. The remaining degrees of freedom have high apparent inertia values, actively rejecting detected disturbances to track the reference trajectory. In test 3, apparent mass in x B and y B are set to 5 times the system mass and inertia. Results show positional movement of less than 0.3 m under a lateral disturbance force of 25 N, demonstrating an ability to actively reject large force disturbances. These results motivate impedance parameters chosen for the remaining experiments.
2) Variable Axis-Selective Impedance Control: We performed an experiment consisting of 2 trials to show the advantages of variable ASIC. In a first trial (a) we manually pull on a tether that is fixed to the OMAV while hovering at a constant position reference. In a second trial (b) we use a 1x1m sized plate to push onto the platform's end effector while in hover. Fig. 9b shows the perceived distance d T , the apparent mass m v,T , and the position error e B in the direction of the end effector during the two trials. The pulling force on the rope in a) represents an unobservable disturbance which is rejected by keeping a high value in m v . In b), as the distance to the plate's surface is perceived to decrease to zero, the OMAV becomes compliant and decreases the apparent mass, allowing for a larger deviation from the position reference. 
B. Push-and-Slide Along a Flat Surface with ASIC
We evaluate the system's ability to maintain and reject disturbances from friction, while accurately and repeatably drawing on a whiteboard positioned in a known location. The trajectory traces a spline with the tool point 10 cm behind the surface of the whiteboard. The end-effector is a whiteboard marker with no additional compliance. For compliance the apparent mass is chosen high in all directions, except for the z T -axis.
Tracking results for position and orientation in the top two plots of fig. 10 show ground truth measurements from the Fig. 10 : Pose tracking and wrench estimation for push-andslide experiments. A shape is drawn on a whiteboard aligned with the x-plane in two separate trials (subscripts 1 and 2) with Vicon state estimation. At time (a), the system contacts the wall, and at (b), resumes free flight.
motion capture system of two trials drawing the same shape on a whiteboard, compared to the reference. In the time interval between (a) and (b), the tool is in contact with the whiteboard, maintaining a consistent force while completing a trajectory.
Without any change in the controller, the system is able to handle transitions in and out of contact with good stability, and without significant tracking error on the surface plane. The system demonstrates rejection of torque and lateral force disturbances caused by surface friction while maintaining a consistent contact force against the wall, as shown in the lower plot of fig. 10 .
Offsets in y B -force and y B -and z B -torque in free flight-as well as a small bias in the attitude tracking of the system-are the result of an unaccounted-for offset of the system's center of mass. This result demonstrates that the proposed impedance control can compensate well for model errors, maintaining attitude error within 0.07 rad.
C. Direct Force Tracking Accuracy
In order to evaluate the accuracy of force tracking with intentional interaction control, we design a trajectory containing both a pose and a force reference. The position reference is set approximately on the surface of a rigid vertical wall, and the attitude reference sets the z T -axis orthogonal to the surface plane. The force trajectory changes between 5 N, 10 N, and 20 N. Fig. 11 shows the tracking performance of the force controller. The reference force is tracked consistently, even through fast changes of the set point. The momentum based force estimate adapts more slowly to the change of force but converges to similar values. We found that both the feed forward term and the integral gain are the most essential parts of the force controller. Increasing the proportional gain usually leads to higher frequency changes in the resulting contact forces, while not significantly improving the response time to reference changes.
Additionally, we test the robustness of the proposed intentional interaction control by performing a surface inspection task with multiple contacts with reference forces of 5 N. In a first experiment, we set the position reference slightly in front of the true surface position, and in a second trial we set it slightly behind the true position. Fig. 12 and fig. 13 illustrate that for each trial, the measured force settles at the reference force after a short response time. The experiments show that the direct force control command τ dir compensates the impedance control command τ imp in order to achieve the desired contact force. 
D. Force Tracking Robustness to Planner Error
To evaluate the robustness of intentional interaction control from section III-F to planner error, we specify a desired force In a), the platform is close enough to the wall to enable direct force control by increasing the confidence factor λ to 1. In b), the perceived tool distance d t in combination with the tool error e B leads to a short increase in λ before being pulled back by the resetting force of the impedance controller. In c), the tool distance d t is larger than the maximum selected tool distance d max and direct force control is therefore not enabled. In all cases, the system responds to planner error in a stable way, and is able to continue executing a compromise of the combined state and force trajectory.
E. Potential Field Concrete Inspection Task
Similar to experiments in [25] , we conduct an autonomous contact inspection task on a sample of reinforced concrete.
We equip the end effector with an NDT contact sensor that measures both the electrical potential difference between a saturated Copper Sulfate Electrode (CSE) and the embedded steel, and the electrical resistance between the sensor on the concrete surface and the steel reinforcement. Electrical potential and resistance results can be used as an indicator for the corrosion state of the steel [30] . A cable is connected to the reinforcement in the concrete structure, and is physically routed to the sensor on the flying system to perform the measurements. The concrete specimen used for this experiment has a known corrosion spot at a certain location and a constant cover depth. The corrosion state can therefore be evaluated against this information. The concrete block is positioned at a known location, and a trajectory is defined to contact 9 points at 5 cm intervals along the surface. Each point is held for a duration of 10 s, during which a reference force of 5 N is requested. Fig. 15 compares the autonomously measured potentials of two flights with manually measured potentials along the sample, measured before and after the flights. The plot shows that the controller is able to hold contact between the end effector and the sample to allow accurate measurements of the potential. 
F. Statistical Validation on an undulating Surface
We perform a statistical evaluation of the intentional interaction control to validate its robustness and performance. The repeated random experiments aim to characterize the system in a more diverse, less controlled environment in order to show its applicability to complex tasks.
As a test surface, we use a doubly curved wooden surface with a size of approx. 1 m × 1.8 m, which is mapped and used for planning as described in section IV-B. Fig. 16 visualizes the randomly selected 42 contact locations at which we command the OMAV to exert a force of 10 N perpendicular to the surface for 5 s. Figure 17 overlays the force along the z T axis for all trials with the time aligned beginning from the first force command. In all 42 trials the system was able to hold contact and keep position and orientation regardless of the local surface geometry. The desired force of 10 N could be achieved in almost all trials. However, the stabilization time of the force magnitude is dependant on the local springiness of the surface. In extreme cases, such as trial 38, the surface deflected by multiple centimeters as visualized in figure 17 .
An important application-driven evaluation is the 2d tool position error on the surface, which combines the effect of the body position and attitude error. Figure 18 visualizes the statistics of the tool position error for each individual trial as violin plots. The trials are sorted by their pitch reference angle, where negative pitch indicates a downward pitch of the OMAV.
Note that the tool position does not change after contact is made steadily, thus the plot in figure 18 uses data obtained whenever the tool is closer than 5 cm to the surface. Similarly, figure 19 shows the force error along z T for each individual trial. The two curves at around −17 and −22 degrees pitch that show large densities close to the extreme values correspond to the before discussed cases where the surface springiness leads to force oscillation.
Both the position and force error statistics indicate a slight influence of the pitch reference on the errors. The system Fig. 19 : Force control error vs. desired pitch for each individual trial. Force data is truncated to the last 2.5 s of the interaction duration, allowing the system to stabilize first. The black dotted curve is a linear fit to the mean force error.
slightly overshoots the desired force if it pitches downwards and vice-versa. Overall, the system showed predictable and robust force trajectory executing during all trials.
VI. DISCUSSION
The experiments showed that selective impedance control presents a suitable method for contact inspection, if the axis of desired pressure on the surface is known. Using low apparent mass along this axis allows compliance, while high apparent mass along the axes parallel to the surface yield accuracy in lateral positioning.
If specific interaction forces are required and if the location of the surface is only known with a precision of a few centimeters, variable ASIC in combination with direct force control proved to give good force tracking accuracy. For position references behind or in front of the actual surface, the reference force was achieved in most experiments after few seconds of contact. The use of the confidence factor λ allows simple and smooth transitioning between different stages of flight, which yielded stable and controlled maneuvers while switching from free flight to interaction control.
Regardless of the control, the system's flight performance is considerably sensitive to its hardware calibration. Small changes of the COM or slightly incorrect zeroing of tilt arms can lead to different behavior and might require new calibration. This model error is amplified by unmodeled effects, such as airflow interference or backlash in gears that are driving the tilt arms. We aim to mitigate calibration errors in the future with automatic on-line calibration of relevant physical system properties, such as COM, inertia and tool mass.
Finally, the experiments confirm that the presented control approach combining distance sensing and surface-based force trajectory planning complete the basis for high-level force interaction tasks to be carried out by OMAVs.
VII. CONCLUSION
In this paper, we presented two approaches for active force control of an omnidirectional micro aerial vehicle. By using additional sensing such as force/torque and surface distance measurements, our system is able to reliably and safely perform force control in a variety of environments.
Extensive experiments demonstrated the feasibility of the proposed system for applications such as non-destructive testing of infrastructure and other contact-based application.
